Abstract. The optical control of the macroscopic physical properties (magnetic, optical . . .) of a material by laser irradiation is gaining interest through the emerging field of photoinduced phase transitions. Light-induced changes of the macroscopic state of a material involves subtle coupling between the electronic and structural degrees of freedom, which are essential to stabilize the photo-excited state, different in nature from the stable state. Therefore the new experimental field of photocrystallography plays a key role. It goes far beyond simple structural analysis under laser excitation. By playing on different physical parameters and developing the techniques and analysis, one can investigate new out of equilibrium physics through light-driven cooperative dynamics and transformations in materials. This paper is reviewing different aspects of the use of photocrystallography to investigate the nature, the mechanisms and the dynamics of photoinduced phase transitions for photo-steady or long-lived states, as well as transformations driven by an ultra-short light pulse. We also give a brief overview on recent advances in time-resolved crystallography with 100 ps resolution.
Introduction
Photocrystallography is a new frontier in the field of structural science (Coppens et al., 2005; Collet et al., 2006) , promising direct access to the structural rearrangement driven by cw or pulsed laser irradiation toward a transient, permanent or photo-steady state (steady state maintained by cw laser). Among the different light-driven processes, photoinduced phase transitions (Buron and Collet, 2005; Koshihara and Kuwata-Gonokami, 2006; Nasu, 1997) represent a fascinating perspective to manipulate with light the macroscopic physical properties of a material. The molecular multistability between degenerate or quasi-degenerate states involves changes in the molecular identity, such as spin or charge, and light can trigger switching between these states. These out-of-equilibrium phenomena have different nature from processes induced at thermal equilibrium by external fields such as pressure, temperature, electric or magnetic field. Indeed, for some materials it is possible to take advantage of the interactions between the constituent molecules of the solid to generate cooperative photoinduced phase transformations. Thus, in highly cooperative solids (contrary to conventional photo-chemical processes) the excited molecular sites are no longer independent from each other. The photo-switching gives rise to phenomena such as nucleation processes and hysteresis. This opens new possibilities to write, read and erase digital information in materials as well as to develop new kind of optoelectronic devices. Therefore, it is crucial to understand the mechanisms driving such photo-switching at the macroscopic scale, in order to design future materials.
Up to now the cooperative effects have been mainly investigated by optical and magnetic measurements. As illustrated in this special issue and in the present paper by a review of results related to photoinduced transitions or photo-excited molecular states, X-ray diffraction gives access to key information. The nature and mechanisms of photoinduced transitions can be probed both at the molecular and macroscopic scales . Slow time-resolved experiments make it possible to access the kinetics of phase separation processes for example. Recent progress in ultra-fast X-ray science has delivered the so far elusive temporal dimension to atomic and molecular motions in condensed matter. It is now possible to record "molecular movies" during the transformation of matter initiated by light pulse. Laser pump and X-ray probe techniques now provide an outstanding opportunity for the direct observation of a photoinduced structural phase transition as it takes place. The use of short X-ray pulses of about 100 ps around third-generation synchrotron sources allows exactly that (Collet et al., 2003; Guérin et al., 2004; Schotte et al., 2003; Techert et al., 2001) . Other new X-ray sources, such as plasma ones (Rousse et al., 2001; Sokolowski-Tinten et al., 2003) , generate ultra-short pulses down to 100 fs. They pave the way for femtosecond X-ray crystallography, albeit with a low X-ray flux and rather limited experimental applications. However this new ultra-fast science is rapidly progressing around X-ray sources such as time-slicing technique (Schoenlein et al., 2000; Khan et al., 2006; Cavalleri et al., 2006; Johnson et al., 2007) or Linac-based synchrotron (Service, 2002; Lindenberg et al., 2005; Fritz et al., 2007) and new big facility projects are underway (X-FEL). For instance one can observe the coherent atomic motions induced by a light pulse, before the thermalization of the material. Ultra-fast X-ray scattering will play a central role within the fascinating field of coherent manipulation.
In the first part of this contribution we present a review of recent investigations performed on conventional X-ray sources, which illustrate that photocrystallography experiments are not merely X-ray data collections under laser irradiation. Through acting on different external parameters (such as temperature or laser irradiation) and investigating carefully the structural signature, key information on the different processes is obtained. Of course crystallography allows observing the molecular structure change driven by laser irradiation. But for some systems the nature of the photoinduced state can be triggered by choosing the appropriate excitation wavelength, or even transitions between several excited states may occur. Finally, the competition between domain formation and homogeneous switching, or non-linear response to laser excitation density, can be revealed.
The second part discusses extension of this work in the 100 ps time domain. First the time-resolved technique around synchrotron sources is presented. The application of this technique to molecular materials is illustrated with the examples of transient spin state switching and with the neutral-ionic phase transition. Finally we conclude by pointing out some of future challenges.
Photo-steady or long-lived excited spin states
The photoinduced spin conversion presented here is the prototype of bistability and cooperative transformation in molecular solids (Gütlich et al., 2004) . It is an attractive effect, since it is possible to trigger the spin state of a complex by light irradiation. This change of electronic state is associated with changes of physical properties of different nature (optical, dielectric, mechanic . . .) . In this class of material consisting of Fe 2þ ions in a ligand field (with 6 N atoms as closest neighbors in a nearly octahedral geometry), the switching from a diamagnetic low spin state (LS, S ¼ 0) to a paramagnetic high spin state (HS, S ¼ 2) occurs at thermal equilibrium under the effect of external stimuli such as pressure, temperature. Out of equilibrium processes also occur under continuous or pulsed light irradiation, in particular the LIESST effect (Light-Induced Excited Spin-State Trapping) at low temperature. Only recently the LIESST effect has begun to be thoroughly investigated by X-ray diffraction (Gütlich et al., 2004; Huby et al., 2004; Ichiyanagi et al., 2006; Kusz et al., 2005; Marchevie et al., 2002; Niel et al., 2005; Thompson et al., 2004; Pillet et al., 2006; Trzop et al., 2007 . . .) while large number of compounds undergoing LIESST effect offers a vast field of investigation.
LIESST and molecular structure changes
Among them, the orthorhombic form of [Fe(PMBiA) 2 Á (NCS) 2 ] (named BIA1 hereafter) compound shows strong cooperative effects, since it undergoes a first-order phase transition around 170 K between the high temperature HS phase and the low temperature LS one, as shown by magnetic susceptibility measurements (Létard et al., 1998; Lé-tard et al., 2003) . Below 78 K, the HS state can be generated under weak continuous laser excitation. This photoinduced phase transition was investigated by X-ray diffraction at different temperatures and resulting structures were compared to those of the LS and HS states at low and high temperature respectively (Ichiyanagi et al., 2006) . The photoinduced HS state was generated from the LS state by a continuous laser excitation (808 nm) at 20 K, where complete transformation is easily reached, as shown by magnetic measurements (Létard et al., 2003) .
It is well known (Gütlich et al., 2004) that the evolution of the spin state is associated with a change of the unit-cell volume and the average distance between the Fe atom and the 6 neighboring N atoms (hFe--Ni bond length). Figures 1 and 2 represent such structural changes obtained from the X-ray diffraction data and from the refinements of the different structures (Ichiyanagi et al., 2006). The structural rearrangement around the Fe atom between HS and LS states is driven by the electronic transfer between orbitals, and the HS state corresponds to a less bonding state. The change of the molecular shape and of the unit cell volume is at the origin of cooperative interactions between the constituent molecules of the crystal via elastic coupling. For this system, cooperative effects drive a strongly first order transition (Létard et al., 1998; Létard et al., 2003) . Therefore, the average molecular state probed by X-ray diffraction changes discontinuously from HS to LS states, and so does the crystalline volume. All the different phases have the same symmetry (Ichiyanagi et al., 2006) and the photoinduced HS states is very similar to what would be the high temperature HS phase at low temperature if no phase transition occurred.
[Fe(2-picolylamine) 3 ],Cl 2, EtOH (named Fepic hereafter) is another compound of this family, which was also extensively investigated (Ogawa et al., 2000; Romstedt et al., 1998; Enachescu et al., 2002) . Here again, strong structural signatures are associated with the thermal and photoinduced spin switching. Contrary to BIA1, this material undergoes a double step thermal transition between HS and LS associated with two first order transitions at 119 K and 109 K characterized by a discontinuous change of volume at both temperatures (Fig. 2) . It has been recently reported that a symmetry breaking occurs in the intermediate phase (Chernyshov et al., 2003 , Huby et al., 2004 ) with a long range ordering of alternating HS (S ¼ 2) and LS (S ¼ 0) molecules in the unit cell. This two-step phase transition phenomenon can be discussed as a staging effect resulting from the competition between favorable short-range interactions and long-range repulsive ones. The switching from the completely HS and LS phases occurs through an intermediate one, with a sequence of long-range ordered phases which may be schematically summarized as LS-LS-LS-LS, HS-LS-HS-LS and HS-HS-HS-HS. An important change of the molecular structure ( Fig. 1) takes place between the high (hFe--Ni ¼ 2.200(1) A) and low temperature phases (hFe--Ni ¼ 2.010(1) A). The structure of the intermediate phase consists of alternating HS (hFe--Ni ¼ 2.163(1) A) and LS (hFe--Ni ¼ 2.040(1) A) molecules (gray area on Fig. 1 ), slightly lower and higher respectively than the one of the stable HS and LS phases. Such a difference may be due to the local elastic stress due to HS/LS striping, influencing the amplitude of the ligand field around the Fe atoms, or an incomplete ordering on the two sites (Chernyshov et al., 2003; Huby et al., 2004) . Regarding photoinduced effects, strong structural signatures are observed, both at the intra-and inter-molecular levels: an increase of the hFe--Ni bond length (2.197 (2) A, Fig. 1 ) and an increase of the lattice parameters (Fig. 2) . The ligand structure of the photoinduced phase resembles in detail the one of the high temperature HS phase and, as the space group is conserved, no symmetry lowering is observed (Huby et al., 2004) . No structural signatures of the intermediate phase were found during investigations of the photoinduced state, as reported elsewhere (Kusz et al., 2005) . Therefore, the photoinduced HS phase of Fepic looks like the high temperature one. The next example shows that photo-switching may be sometimes more subtle.
[Fe(bt)(NCS) 2 ] 2 bpym} is a binuclear system, which represents the first example of two-step thermal spin transition in a binuclear species (Real et al., 1992; Real et al., 2005; Gaspar et al., 2006; . A singular feature observed in this compound is the occurrence of intramolecular interactions, essentially of elastic origin, which stabilise the mixed spin states (HS-LS) within the same molecule. Because of these elastic interactions Bousseksou et al., 1993) , the two Fe sites do not behave in an independent way and, consequently, three characteristic states appear in the binuclear species, namely LS-LS, HS-LS and HS-HS. However, contrary to Fepic, there is no ordering of the HS and LS states, and the intermediate state consists of a statistical disorder of HS-LS and LS-HS molecules (Ould Moussa et al., 2007) . The value of the average hFe--Ni bondlength is characteristic of the molecular state, as shown in Fig. 1 . The most singular feature of this material is the possibility to select the nature of the photoinduced state by tuning the laser excitation wavelength (Ould Moussa et al., 2005; Ould Moussa et al., 2007; Trzop et al., 2007) . The photo-excitation of this material from the LS-LS state, stable at low temperature, with red light and near-infrared light (%633-1064 nm) generates the HS-HS state, whereas excitation with infrared light (%1300 nm) generates the HS-LS state. Here again, the structures of the photoinduced HS-HS and HS-LS states are similar to those corresponding at higher temperature, as characterized by the values of the hFe--Ni bond-length and unit cell volume (Figs. 1 and 2 ).
Out of equilibrium phenomena in LIESST
As stated earlier in this paper, the investigation of photoinduced phase transition goes beyond a simple structural analysis under laser irradiation. With the possibility of tuning the laser excitation (in terms of wavelength, power, cw or pulsed), the nascent field of out-of-equilibrium physics is bound to develop very quickly. As explained for the binuclear system, the nature of the photoinduced state (HS-HS or HS-LS) is selectively triggered by the excitation wavelength. As those photoinduced states have lifetimes from several hours up to days at very low temperature, once the laser excitation is off, a question arises what happens if this photoinduced state is irradiated anew. For the binuclear system, the result is fascinating as transition between excited states can be achieved, by using different excitation wavelengths (Ould Moussa et al., 2007; Trzop et al., 2007) .
For this compound it is possibile to switch back and forth the system between the HS-LS and HS-HS states. Indeed, once the HS-HS state is reached (after excitation at 808 nm) further excitation of this state by irradiation at 1310 nm induces volume contraction, characteristic of the HS-LS state as reported on Fig. 3 . Reversely, once the HS-LS state is reached (after excitation at 1310 nm), further excitation of this state by irradiation at 808 nm results in volume expansion, characteristic of the HS-HS state. This photo-selective and reversible switching was also characterized by the changes of the Bragg peak intensities (Ould-Moussa et al., 2007) . In other words, for this binuclear system, photoinduced transitions between excited states can be really photo-controlled in a reversible way and the nature of the photoinduced state depends only on the laser irradiation wavelength, and not on the initial state.
The mechanisms of the photoinduced transformation and relaxation processes, associated with the recovery of thermal equilibrium state once the laser irradiation is switched off, are of fundamental interest and have to be discussed. For the Binuclear system, the distribution of photoexcited molecules in the crystal is homogeneous, and single Bragg peaks are observed during the switching (Ould-Moussa et al., 2007) .
For more cooperative systems, the behavior is different and a phase separation (spatially separated phases) process takes place, as evidenced by X-ray diffraction for the first time in the Fepic system (Fig. 4 , Huby et al., 2004) . Bragg reflections split during the relaxation, indicating the coexistence of macroscopic excited HS domains and relaxed LS ones. Because of the significant difference in the lattice parameters, the positions of Bragg reflections are modified in the diffraction pattern between HS and LS states and the coexistence of the two phases is associated with the coexistence of the peaks. This is the direct signature of a nucleation mechanism and coexistence of the two phases at mesoscopic scale. This phase separation process was described as indicative of an Avrami behavior (Huby et al., 2004) . This was also investigated in the BIA1 compound (Ichiyanagi et al., 2006) and a detailed investigation of the Avrami behavior was carried out on another compound (Pillet et al., 2006) . Since the spatial separation of the coexisting peaks is small, the intensity of a Bragg reflection (I int ), integrated by the software, is the sum of both peaks. In first approximation the contribution of the intensity of the peaks related to the HS state is proportional to the HS domains fraction x (1-x for the LS, respectively). Knowing the values I HS and I LS of the peak intensity for a system completely in the HS or LS state, one obtains the dependence of the integrated intensity on
The spin-like domain formation (i.e. mesoscopic regions consisting of molecules in HS state or regions of molecules in the LS state) around photoinduced phase transition is of growing interest nowadays, because of the key role it plays in the macroscopic state switching of the material. But such a phase separation in the time domain is one of these aspects, and so is the appearance of LightInduced Thermal Hysteresis (LITH), as in BIA1 for example, which was evidenced by photo-magnetic studies (Lé-tard et al., 2003 , Ichiyanagi et al., 2006 . As shown in Fig. 5 , a LITH appears at low temperature, due to the competition between two opposite kinetic processes: the photo-excitation and thermal relaxation. Approximately speaking, the first one depends linearly on the fraction of LS molecules, whereas the relaxation rate depends on the converted fraction of HS molecules, as there exist cooperative interactions between the molecules of the crystal. It is well known that phase separation appears around first order thermal phase transition and was quite recently observed around spin transition (Pillet et al., 2004) . The phase separation is illustrated here in Fig. 5 : in the thermal hysteresis of BIA1, which was first evidenced by magnetic measurements (Létard et al., 2003) . The coexistence of the HS and LS domains gives rise to the coexistence of the Bragg peaks of the LS and HS lattices. We have demonstrated (Ichiyanagi et al., 2006) that during the formation of LITH, a partial macroscopic conversion is due to a phase separation process, as Bragg peaks of the HS and LS states also coexist (Fig. 5) . Therefore the LITH cycle is associated with a phase separation process alike, generally observed inside thermal hysteresis. This process is different from photochemical systems where molecular excitations are locally generated instead. This is also a strong signature of important cooperative phenomena. Indeed, in the case of less cooperative materials which undergo spin-crossover there is no phase coexistence as the system remains homogeneous (Goujon et al. 2006; OuldMoussa et al., 2007) .
The Light-Induced Optical Hysteresis (LIOH, Fig. 6 ) also observed in BIA1 in the vicinity of the T(LIESST) ) is a very good evidence of the cooperative nature of the macroscopic switching, since the transformation rate is not linear with the excitation density (Ichiyanagi et al., 2006) . A crystal in the LS state remains LS up to large excitation densities, above which the HS state is reached (1 W/cm 2 ). There is a large fluence range across which the system remains LS if already LS or HS if already HS. This is known to be associated with strong cooperative effects described as follows: in the LS phase the HS molecules instantaneously photoinduced at low concentration rapidly relax since they are weakly coupled. In the HS phase the laser compensates the slow relaxation. Here again, the relaxation to the LS phase or transformation to the HS state occurs via phase separation process, associated with the generation of spin-like domains, which are playing a key role in the LIOH.
The LIESST effect with slow kinetics was mainly investigated under continuous laser irradiation. One of the goals now is to extend such investigations to the time domain.
3. Picosecond X-ray diffraction: investigation of transient states troscopy operating on the picosecond (1 ps ¼ 10 À12 s) and femtosecond (1 fs ¼ 10 À15 s) time scale has provided a wealth of information about the dynamics of chemical processes such as bond breakage and bond formation, electron and proton transfer. Unfortunately the long wavelength of optical light precludes direct structural information at the atomic/molecular level. Recent technological innovations (Schotte et al., 2002; Wulff et al., 2004; Wulff et al., 2007; Nozawa et al., 2007) in synchrotron instrumentation and the development of novel data analysis have made it possible to track complex reactions by time-resolved X-ray diffraction to temporal and spatial resolutions of 100 ps and 0.01 A (Collet et al., 2003) . Several experiments at the cutting edge of the synchrotron and laser technologies have now provided essential insights into fields varying from the photoinduced phase transitions (Collet et al., 2003) to photochemistry (Ihee et al., 2005) to protein crystallography (Schotte et al., 2003) . The race for even better time resolution on high flux X-ray facilities is soon going to enter a new stage with the advent of linear accelerator based X-ray FreeElectron Laser (Arthur et al., 1998 , Altarelli et al., 2006 . Flux comparison with synchrotron sources indicate a 1000-fold increase of X-ray delivered per pulse in as short bursts as 100fs. To date these machines are under constructions or in advanced stage of design (European X-FELin Hamburg, LCLS in Stanford, SPring-8 in Japan). Several applications require sub-picosecond resolution to probe time-dependence of the intensity of the Bragg reflections. Observation of coherent atomic oscillations in a solid (Cavalleri et al., 2006; Fritz et al., 2007; Beaud et al., 2007; Sokolowski-Tinten et al., 2003) or ultra-fast surface melting (Rousse et al., 2001; Lindenberg et al., 2005) are frequently cited examples.
These experiments, performed with a relatively modest number of X-ray photons, have demonstrated the benefits of using femtosecond X-ray pulses. Gain in X-ray flux will allow measuring thousands of Bragg peaks and therefore solving complexe structure to watch molecular motions on 100 fs time-scales.
100 picosecond X-ray diffraction around synchrotron sources
Time resolved X-ray diffraction is an established technique now, and it is picked up by nearly all new synchrotron facilities, European Synchrotron Radiation Facility in Grenoble, Swiss Light Source in Villigen, The Advanced Photon Source in Argonne, SPring8 and KEK in Japan. We explain the logic of performing time-resolved diffraction taking as example ID09B beamline at ESRF (Wulff et al., 2002; Wulff et al., 2007) . The tunable femtosecond laser is used to generate 100 fs pulses of light. These pulses seed the regenerative/multipass amplifiers operating at a $1 kHz, the 360 th subharmonic of the orbit frequency of an electron bunch in the storage ring of a synchrotron. Polychromatic X-ray pulses of $100 ps duration with $10 9 photons per pulse are delivered by the U17 in-vacuum undulator. The fundamental energy of U17 can be tuned between 15 and 20 keV where diffraction experiments have the best trade-off between detected intensity and radiation damage. The spectrum of the fundamental is quasi monochromatic with a DE/E of 3%. This spectrum can be further monochromatised with Si(111) crystal to DE/E of 0.01% at the expense of flux which goes down by a factor of $500. This beam is used for diffraction from molecular crystals. One of the challenges in pumpprobe experiments at synchrotrons is to control the pulse structure on the sample. In experiments with integrating CCD detectors the time resolution is assured by time gating one pulse with respect to the other while both pulses arrive in pairs on the sample. The frequency of the 16-bunch mode, common bunch filling mode for time-resolved experiments, is 5.7 MHz, which is too fast for 1 kHz amplified laser systems. On ID09 at the ESRF, or NW14 at KEK (Fig. 7) , a chopper is used in front of the sample to reduce the X-ray repetition rate to match that of the laser. The chopper is a flat triangular disk rotating in vacuum at the supersonic speed about the axis perpendicular to the X-ray beam. One of three edges of the disk has a shallow channel closed from the top at both vertices. The transverse profile of the channel is trapezoidal and by moving the chopper horizontally the opening time can be tuned to different time structures of the synchrotron. An almost identical beamline has been recently built at KEK-AR, Tsukuba (Nozawa et al., 2007) .
Photo-excitation of spin-crossover complexes: towards picosecond X-ray investigations
In the literature, the photo-generation of molecules to transient high spin states was recently reported in solution and investigated by time-resolved X-ray techniques (Khalil et al., 2006 , Gawelda et al., 2006 . More recently it was reported in few systems at solid state using only optical techniques. (Freysz et al., 2004; Enachescu et al., 2006) . Among them, [(TPA)Fe(TCC)]PF 6 ferric catecholate spin crossover system presents the advantage of a short relaxation time ($1 ms) of the photoexcited state (Enachescu et al., 2006) . In this family of Fe 3þ molecular materials, a thermal spin state change occurs between the low temperature states (LS, S ¼ 1 = 2 ) and high temperature state (HS, S ¼ 5 = 2 ) (Floquet et al., 2005) . For [(TPA)Fe(TCC)]PF 6 , the thermal spin conversion corresponds to a crossover around 200 K and here again the hFe--Ni changes from 1.995(2) A to 2.153(2) A between the HS and LS states respectively. Recently, we have started the investigation of this transient spin state switching by optical pump -Xray probe experiments, on the time-resolved beamline ID09B at ESRF and we present here preliminary results Fig. 7 . Schematic drawing of the temporal structure of KEK-AR synchrotron, generating X-ray pulses at 794 kHz. For time-resolved experiments, a chopper selects 1 pulse every ms to probe the sample at the delay dt after excitation by a synchronized 150 fs laser. The data are collected in a stroboscopic way on the detector. (Lorenc et al., submitted) . The experiment was performed at 1 kHz, with the excitation wavelength set to 800 nm as optical experiments reveal a broad infrared absorption band (Enachescu et al., 2006) . The temperature was 170 K that is 40 K below the crossover temperature. The laser was polarized along the crystal axis of the 10 mm thick needle-shaped crystals, for which the penetration depth is larger. We collected complete diffraction data, from which structures were solved and refined at different delays with good quality (Lorenc et al., submitted) and in very good agreement with the structures obtained at thermal equilibrium (Floquet et al., 2005) . As no phase separation was observed during the process, we could deduce a homogeneous excitation of the molecules in the crystal which, as explained in detail by Coppens (Coppens et al., 2005) , modifies the structure factor as the weighted contribution of the fraction of molecules in HS (x HS ) and LS (1-x HS ) states:
It is well known in spin-crossover systems (Gütlich et al., 2004) that the thermal conversion of spin-crossover systems is associated with a gradual variation of the structural properties such as the hFe--Ni bond. Our results extend such investigations of structural modifications at the molecular level in the time domain, seen through the evolution of the metal to ligand average bond length (hFe--Ni Fig. 8 ). Before the laser excitation, the hFe--Ni ¼ 2.002 (2) A is intermediate between the values of the completely HS and LS states, as the thermal converion of HS molecules is partial at 170 K (Floquet et al., 2005) . After laser excitation we observe an instantaneous transformation at the molecular scale (below the ms time-scale). It is related to the photo-generation of HS molecules (increase of x HS ) with longer hFe--Ni bonds, which agrees well with optical data (Enachescu et al., 2006) . As the change of the hFe--Ni bond is strongly correlated with the concentration of HS molecule in this two-state system, one can estimate from the maximum value at 1 ms the concentration of photo-excited molecules to around 7%. The recovery to thermal equilibrium occurs within 1 ms, also in good agreement with the optical data (Enachescu et al., 2006) .
Investigations around the 100 ps time-scale are in progress. These promising results will lay the foundation for future femtosecond optical pump-probe experiments on this spin-crossover system, as the evolution on the short time-scale (from 0 to 1 ns) remains to be unveiled.
Cooperative effects around neutral-ionic phase transition
As mentioned in the introduction, there are some photoactive molecular systems, for which cooperative effects may give rise to highly efficient photo-conversion. This is the case of tetrathiafulvalene-p chloranil (TTF-CA), a chargetransfer (CT) molecular crystal made of electron donor (D) and electron acceptor (A) molecules, which alternate along the same stack. 
. . . At thermal equilibrium, this compound undergoes the so-called Neutral-Ionic (N--I) phase transition at 81 K. It couples changes of molecular electronic states (Jacobsen et al., 1983) with intra-and intermolecular rearrangements (symmetry-breaking, Le Cointe et al., 1995) . The symmetry breaking and the ferroelectric order in the low temperature I phase is detected through the onset of 0k0 : k ¼ 2n þ 1 Bragg reflections (space group Pn, whereas in the high temperature N phase the group is P2 1 /n). The phase transition has been demonstrated to occur via a cascade of cooperative multi-scale phenomena: at first the formation of nano CT-strings accompanied by their one-dimensional 1-D lattice relaxation (Nagaosa et al., 1986) , conventionally represented by . . .
. . . and recently evidenced by X-ray diffuse scattering , and at last their three-dimensional condensation and ordering giving rise to a phase diagram similar to the solid-liquid-gas one (Lemee-Cailleau et al., 1997; Luty et al., 2002) .
Recent optical pump-probe reflectivity measurements have evidenced the photoinduced change of electronic state, both for the I-to-N and for the N-to-I transformations, on the 100 ps time scale (Koshihara et al., 1999 , Iwai et al., 2002 , Okamoto et al., 2004 , Tanimura 2004 . These laser-induced states relax to their thermodynamical stable phases in less than 1 ms. Using optical pump and X-ray probe set-up on ID09B beam-line with the 100 ps time resolution, the direct evidence of laser-induced ferroelectric order and the opposite photoinduced transition have been recently obtained on TTF-CA (Collet et al., 2003; Guerin et al., 2004) .
The photoinduced N-to-I phase transition was investigated at 93 K, starting from the high symmetry N phase. Drastic changes (up to 40%) were observed in the intensity of some Bragg reflections (Collet et al., 2003) , characteristic of three-dimensional transformation, in this case completed within about 500 ps in agreement with optical studies (Luty et al., 2002; Koshihara et al., 1999) . The nature of the photoinduced phase has been determined from complete data collections at -2 ns and þ1 ns, i.e. before and after the laser excitation. Appearance of (030) reflection (Fig. 9) 278 E. Collet, M. Buron-Le Cointe, M. Lorenc et al. shows the macroscopic ferroelectric nature of the photoinduced state (space group Pn, i.e. the one of the I phase). No trace of this reflection was detected at -2 ns, time at which the data refinement reveals N phase strictly identical to the one at thermal equilibrium (Le Cointe et al., 1995) .
The opposite photoinduced I-to-N phase transition was investigated at 70 K, starting from the low symmetry I phase. A two-steps mechanism has been observed with the appearance of an intermediate disordered photoinduced phase (Guerin et al., 2004) . Indeed, as shown in Fig. 10 , general Bragg reflections (all peaks except the (0k0) with k odd which are characteristic of the symmetry breaking) are modified only after a time of about 500 ps, whereas intensities of (0k0) reflections with k odd start to decrease immediately after the laser irradiation and stabilize after 500 ps. Thus the process occurs in two steps: at first, the restoring of inversion symmetry via an intermediate disordered phase (macroscopic symmetry P2 1 /n, the ferroelectric order is lost) and then, the molecular transformation (change of molecular geometries). A two-step process was also observed by optical studies. Disappearance of the second harmonic signal occurs before reflectivity-sensitive to molecular ionicities-changes (Luty et al. 2002) . The dynamics revealed by optical techniques are faster than those observed by X-ray and can be explained by the fact that the two techniques do not probe the same volume: optical reflectivity measurements probe a region close to the surface whereas X-rays probe the bulk (organic crystal). Consequently the probed dynamics may be different: in particular nucleation processes may be strongly influenced by the vicinity of the surface and bulk dynamics by the propagation process. Moreover, the results of both optical and diffraction measurements unambiguously agree on the threshold behavior (Koshihara et al., 1999; Iwai et al., 2002; Tanimura 2004; Okamoto et al.; 2004; Collet et al., 2003) . When the TTF-CA is excited in the region of the charge-transfer band (i.e. from 0.6 to 1.55 eV) a threshold excitation density is needed in order to start the phototransformation. Such an observation, characteristic of a highly non-linear process, clearly indicates that a single charge-transfer excitation cannot generate a macroscopic domain. The high conversion efficiency, with many molecules transformed by a single photon, originates from cooperativity. From the X-ray and optical data, it is estimated that one photon transforms about few hundreds molecules (Koshihara et al., 1999 , Iwai et al., 2002 Okamoto et al., 2004; Collet et al., 2003) . Low laser penetration depth is a drawback in this X-ray experiment, as X-rays probe the whole volume of such 100 mm thick crystals. At 1.55 eV (800 nm), the laser penetration has been estimated to be on the order of few microns (Okamoto et al., 2004) . Given that laser light is attenuated upon propagation in the bulk, the excitation density decreases and may drop below threshold after a given depth so that a typical crystal can be only partially transformed. As X-rays probe the whole sample, this explains why the intensity of the (030) reflection does not reach zero after the excitation of the TTF-CA crystal in the I phase (Fig. 10) . In this case, a 10% decrease indicates that 10% of the crystal is transformed since the intensity of (030) Bragg peak is zero in the N phase.
Conclusion
As illustrated here with several examples, the investigation of photoinduced phase transitions in molecular materials with photocrystallography experiments, now extended to the time domain, is a fascinating emerging field. For instance, coherent oscillations were observed for different molecular materials (Buron and Collet, 2005; Koshihara and Kuwata-Gonokami, 2006; Iwai et al., 2006; Chollet et al., 2005) and are believed to be associated with coherent atomic motions. A more complicated case of nanostructured materials has been also reported (Bargheer et al., 2004) . With the development of new materials, optical and X-ray experiments will revolutionize the possibilities to probe the ultra-fast transformation of matter on the atomic scale. To get a clear-cut description of such processes, structural data collections with femtosecond time resolution are indispensable. They will ultimately provide insight into the degrees of freedom involved in the transformational mechanisms (molecular torsion, dimerization . . .). They are thought to be far more complex than in simple systems such as Bi (Beaud et al., 2007) , as the Bi--Bi bondlength is the sole parameter to refine. Scientists now dream of reaching sub-atomic resolution and watching electronic reorganization on time-scales where atoms have no time to move, and so to cross the diabatic/adiabatic limit. Such unprecedented insights are on the brink of realization and future investigations on X-FELs (Arthur et al., 1998; Altarelli et al., 2006) look particularly exciting.
